The anomalously large dielectric aging in ferroelectric partially deuterated potassium dihydrogen phosphate (DKDP) is found to have multiple distinct mechanisms. Two components cause decreases in dielectric response over a limited range of fields around the aging field. A large fraction of this aging occurs on time scales of ~1000s after a field change, as expected for a hydrogen/deuterium diffusion mechanism. A slower component can give almost complete loss of domain-wall dielectric response at the aging field after weeks of aging. There is also a particularly unusual aging in which the dielectric response increases with time after rapid cooling.
Introduction
The high-dielectric response plateau regime of the ferroelectric (FE) phase of KH 2 PO 4 (KDP) 1 , and partially deuterated KD 2x H 2(1-x) PO 4 (D X KDP) 2 3 , has large dielectric susceptibility arising from a dense array of 180° domain walls. [3] [4] [5] D X KDP has been reported to show surprisingly large reduction in this dielectric response while aging, e.g. ~40% reduction in response over 22 hours aging slightly below the Curie temperature, T C . 6 In contrast, KDP itself shows less than ~2% aging slightly below T C . [6] [7] [8] The large aging effect in D X KDP has been attributed primarily to diffusion of H to domain walls 6 , since the increase of T C with x 2, 9-11 suggests that in equilibrium in D X KDP sheets of higher H and lower D concentration should accumulate at domain walls, which lack full FE order. On the other hand, a closely related ferroelectric, RbH 2 PO 4 (RDP), also shows giant aging effects for which such diffusion mechanisms are not considered to be a major source, 8 raising the question of whether multiple types of major ageing effects are present in D X KDP. In this paper we show that the simple model of H diffusing to domain walls can account for the properties of only one component of the aging effect, and that at least two other major aging effects are also present. (For a fuller discussion of the different types of aging expected in ferroelectric systems, along with more extensive background references, see ref. 8 .)
Here we show that there are very long-time aging components that can remove most of the domain-wall response at the aging field even at temperatures just a little below T C , at least as extreme as what has been seen in RDP, 8 We show that the long-time tail of the aging does not fit the kinetics expected for the simple diffusion mechanism, and that the Page 3
12/2/18 kinetics of aging and of forgetting the aging effects differ for the long-time tail but not for the initial fast effect. The aging effects are found to be particularly huge for intermediate values of x in approximately the range where an anomaly in the entropy loss on forming the ferroelectric state has been reported. 2 Finally, we show that under some conditions there is a highly anomalous upward aging, in which the dielectric response increases as a function of aging time.
Optical images of the domain structure show that the large aging cannot result from simple domain growth leading to loss of net domain-wall area, since that domain growth
is not large. 6 Several key lines of evidence led to the conclusion that the large aging comes from changes in the underlying disorder that pins the domain walls, rather than just in domain walls gradually finding well-pinned states on fixed disorder. The most significant is that aging at a particular electric field leaves a persistent hole near that field in plots of susceptibility vs. field, i.e. reduced susceptibility only for fields near the aging field. 6 Reduction of susceptibility by domain-wall pinning to fixed disorder would, in contrast, produce a hole that would not persist after field changes large enough to move the walls far from their old positions. 6 Some such persistence is, however, expected for alterations in the disorder, which would not immediately dissipate after the domain walls moved. the domain walls were moved via an applied electric field, the sheet formed at the original domain wall position on aging at the original field would diffuse away following the same kinetics with which it formed. We shall see that this similarity of aging and forgetting kinetics only holds for part of the aging effect.
We shall also show that the extremely large aging occurs for only some values of x, suggesting that it may be connected with the formation of some order in the H-D arrangement. In particular, the most anomalous aging is found for x in the same range for which a large unexplained anomaly in the entropy loss in the ferroelectric transition has been reported. 2 We shall describe another surprising effect: upward aging. After rapid cooling the dielectric response grows over time rather than reduces, in sharp contrast to aging effects Page 6
12/2/18 in a wide variety of disordered materials. 20 Optical images of the domain structure in the rapidly cooled material will lead to a tentative explanation of its source.
Finally we shall discuss possible implications of the aging effects for the principle question remaining for KDP and related ferreoelectrics-the origin of the rather abrupt freezing transition by which domain walls lose their mobility at low temperature.
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Materials and Methods
Highly deuterated DKDP crystals were obtained from United Crystals. Other D x KPD crystals were grown by us from water/heavy water solutions, by gradually reducing the solution temperature. We grew D x KDP crystals by cooling KDP-DKDP solutions, prepared to be saturated at 80°C, starting from 90 °C at 1K per hour with no seed. We checked the value of x using our measured T C 's. We use x=(T C -122K)/107 K ±0.02 for a calibration curve, a consensus reached in several careful studies in which x of the crystal itself was measured independently, using several different techniques. [9] [10] [11] Since the commercial crystals had T C =211 K, they actually had x=0.83 ±0.02, despite their nominally higher specified x of 0.95. (The supplier confirmed that 0.83 is a plausible value.)
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Samples were made into capacitors with the c-axis orthogonal to the contact surfaces by cutting with a diamond saw and lightly polishing. Contacts were made by depositing a thin layer of Cr (~10nm) followed by about 100nm of Ag via thermal evaporation.
Sample thicknesses ranged from 0.7 mm to 1.2 mm, with contact areas of ~ 6.5 mm 2 .
Optical samples were polished using lapping discs with grit size down to 0.3 µm.
Deposited electrodes for the optical samples were offset laterally ~1mm to allow unobstructed view of a region between the electrodes, so that for these samples the applied fields were not parallel to the c-axis. Digitized optical images of the domain structure, including movies taken after field changes, were obtained via polarized light microscopy using a Leica DM2700 microscope.
Our dielectric response measurements were made via a standard lock-in amplifier with applied ac voltage at 100Hz, along with adjustable dc voltage up to ±100 V in one set-up or ±400 V in another. The dielectric response of KDP and D X KDP is highly non-linear even at low fields, due to weakly pinned domain walls. 13 Since some of the interesting features of the response are most evident in the non-linear regime, 13 most of our measurements were made with 1 V rms ac voltages, corresponding to ~10 V/cm ac fields. We did, however, run some checks of the aging at much lower ac fields, finding qualitatively similar results. For brevity we will refer to the dimensionless polarization/field ratio as ε', although ε' formally should only refer to the low-field limit of that ratio. We approximately removed a baseline due to background stray capacitance, measured by fitting ε'(T) well above T C to a Curie-Weiss law.
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Several experimental protocols allowed separating the effects of aging at different fields.
In one, after cooling at E=0 and then aging at a field of one sign the field was switched to opposite sign, in order to move the domain walls from the positions at which they had already had a chance to age. Then as the sample aged at the new field brief severalsecond excursions were made to the original field, to track how the response there forgot the effects of the prior aging. In a related protocol, after aging at an initial field the field was steadily swept over a range including the aging field, tracking both how the response at the initial field forgot its aging and how the response at a range of other fields aged. In a combined protocol, the sweeps were begun only after the measurements of multiple excursions back to the initial aging field.
In some protocols, we cooled the sample very rapidly (>10K/min), with the initial intent to follow a shorter time scale of initial aging. We found instead qualitatively different behavior, upward aging of the response, and tracked its time course after stopping cooling at several different temperatures in the plateau regime.
Results
Fig . 1 shows the in-phase and out-of-phase dielectric response for samples of two materials described in this paper. The results are very similar to those previously reported on materials of this sort, e.g.
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12/2/18 clearer than the ones in our previous paper, 6 confirm that simple domain growth is not a significant source of aging, but they do indicate that changes in domain configuration can continue for a long time. Our previous results 6 described aging of the effective susceptibility taken with 1V rms ac voltages, giving ac fields of roughly 10V/cm rms. Since the non-linear susceptibility and the linear susceptibility can show qualitatively different behavior 13 , we checked whether the aging of the linear susceptibility measured at very small ac fields resembled that measured at large fields. As shown in Fig. 3 , it was qualitatively similar but not quantitatively identical. Thus most of our aging results, taken at larger fields, should be taken to give only the qualitative behavior of the linear response. In order to check the functional form of the loss of susceptibility we measured the aging over very long times. Fig. 4 shows very long-time aging of ε' taken at T=200K over 11 days for a sample of the commercial D X KDP. Similar results, with an even more prominent long-time tail of the decay, were found on a 15.8 day run using a dry-ice bath at ~195K rather than a cryostat, although with some glitches at points where the dry-ice was re-filled. The long-time tail of the aging was surprisingly large, with ε' dropping to ~13% of the initial value after 11 days. If one assumes instead a model in which the reduction of the non-linear susceptibility due to the increase in pinning potential is proportional to the increased pinning potential rather than to its curvature, one obtains a t -1/2 tail:
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This form can fit the long-time tail for t > 5 hr, but only by using τ = ~30,000s and thus missing most of the initial decay, as shown in Fig. 5 . Fig. 5 . shows the fitting of the long-time tail of the aging shown in Fig. 4 to Eq. 1.
The inset shows the initial decay, faster than that given by the fitting form.
A similar form with the diffusion exponent 1/2 replaced with a best-fit exponent p 0.32±0.02 does an even better job of fitting the long-time aging tail, but at the expense of 12/2/18 implying a negative final value for ε'. Although this fit produces negligible residuals in the tail, it still misses most of the decay in the first hour.
We have found no reasonable simple functional form that will fit both the long-time tail and the fast initial decay, with the residuals always indicating an extra initial fast component. We shall see via more complicated experimental protocols that the initial component is qualitatively different from the slower part, with only the initial decay showing the reversibility expected for the H diffusion effect.
Since the large aging involves changes in the underlying pinning potential, not just in the domain configuration 6 , it is important to check that it is not a special feature of possible defects in one brand of commercial crystal. In our home-grown samples, we found large All these aging effects change ε' only over a range of E around the aging field. Fig. 7 shows very broad field sweeps taken immediately after aging a commercial sample for 1
Page 17 12/2/18 hour at 200 K. At fields ~ 3000 V/cm away from the aging field, the effects on ε' become small. The shift in hole position toward more negative fields after a positive field excursions is a hysteretic effect found in all the sweep data. Qualitatively similar behavior was found in a sample with x=0.46 at T=155 K, but with the width of the hole reduced by about a factor of four. Fig. 7 . ε' vs. E taken at 200K after aging a commercial sample at E=0 for 1 hour.
The sweep rate was ~ 3 V/cm-s.
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Since the long-time tail of the aging kinetics appears incompatible with a simple H-D diffusion model, supporting the likelihood of multiple aging mechanisms, we looked for other possible difference in the kinetics or field dependence of the short-time and longtime components. We ran a series of experiments to check not only the kinetics of the initial aging but also the kinetics with which it was forgotten when the field was changed.
To check the time evolution of ε' (E,t) over a range of E, we used continuous field wall positions are not unique functions of E, but lag behind their equilibrium positions due to partial pinning by disorder. 8 The general conclusion from the sweep experiments is that the initial aging hole is lost during the field sweeps, while an additional much less sharply field-dependent aging forms. These results point toward the formation of reduced ε' around any E at which the sample is found, whether sitting at a fixed value or being swept.
One conclusion emerges directly from the sweep data. The results seem incompatible with a simple model in which the domain walls are modeled as rigid objects described by a one-dimensional position, with uniform response to electric fields, with aging simple due to a potential well from H accumulation at the wall position. In such a model, a field application sufficient to move the walls by several wall thicknesses would pull the walls out of the wells and eliminate the aging effects. The tails of the hole extend somewhat beyond 1000 V/cm from the aging field for the x=0.83 samples. The polarization change for a ~1000 V/cm field corresponds to ~1% of the saturation polarization, corresponding to domain wall motion of ~0.5% of the domain-wall spacing. Based on the optical images, that would be ~20 nm displacement, which is more than four times the domainwall thickness measured by X-ray methods. 15 A picture of simple potential wells for a 1- prominent hysteretic effect on the position of the minimum in ε', these results point toward a model in which flexible domain walls develop some strongly pinned regions 7, 8 allowing partial memory of the aging to persist for larger field excursions.
Judging the kinetics by which the aging at the initial field is lost is complicated in sweep experiments by the new aging at fields in the sweep range, which includes the initial field. To simplify the interpretation of the forgetting kinetics, we aged the sample at one field, then switched to another. Brief excursions (9s each) back to the original field then allowed tracking the kinetics with which the aging effects at that original field were forgotten, complicated only by the superposition of aging effects at a single distinct new field.
In the experiment illustrated in Fig. 10 , we aged a commercial sample at E= -2174V/cm for 21 hours at T=202K, then switched the field to E=+2174V/cm. increases at all, while ε' at the new field decreases by more than a factor of two. ε' at the original field does not return to its initial pre-aged value. The new field is so far from the old field that the tail of the aging hole at the new field cannot account for any significant fraction of that discrepancy. Thus the long-time aging does not show the reversibility of the short-time aging, a qualitative distinction.
In some protocols the samples were cooled rapidly (>10K/min) through T C to the target temperature. As shown in Fig. 11 for target temperatures in the range 170K to 195K for a commercial sample ε' increased initially after reaching the target temperature. At lower or higher temperatures the effect was not noticeable. From the time course of the upward aging at intermediate temperatures, it is clear that it has a strongly T-dependent rate.
Above the range where upward aging is evident, it simply seems to be too fast to see, and below that range it is too slow to see. ε'(t) after the temperature stabilized could be fit 
Discussion
Perhaps the least expected result here is the upward aging found after fast cooling. Its mechanism appears not to be closely related to the other effects. This patchwork domain structure appears to reduce the domain-wall dielectric response, compared to that obtained from large parallel sheets. Initial annealing after quick cooling is dominated by the growth of the parallel-sheet structure. This novel upward aging appears to have little connection with the other aging mechanisms.
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The most striking feature of the downward aging is that over periods of many days at temperatures a little below T C the dielectric response falls to almost to the same level as found in the low temperature regime with frozen domain walls. RBD may show about as large an effect, although it has not been followed for quite as long. 8 
